Extrats of cel sspnin culturs from Douglas fir (Puado wa minzinji) nedls catalyzed the prductio of (+)-catechin (2,3-tran flavan-3-ol) from the 2,-tras-flavan,3,4-cis-diol (leucocyanidin) in a NADPH-dependent redutas reaction at pH 7A. Catechin was also produced, along with the 3,4-ci-didl, in a double step reductio from (+)-dihydroquercetin. It was necessary to eliminate any thibl such as 2-mercaptoethanol or dithiothreitol from the extract or assay mixture becanse these thiols apparently formed thioethers with the 3,4-diols.
trans,flavan-3-o1), with either (+)-DHQ or its 3,4-cis-diol as substrate, is now reported (Fig. 1 ).
MATERIALS AND METHODS standard Reductase Extraction Procedure. High proanthocyanidin strains of Douglas fir (Pseudotsuga menziesi:) cell suspension cultures derived from young needles were similar to those described previously (4) . About I g frozen cells or 100 mg acetone powder from fresh cells of cell suspension cultures were ground briefly in a Tissue-mizer in 6 to 8 ml of 0.1 M borate buffer (pH 8.8), containing 5 mM Na-ascorbate, 0.3 g dry Polyclar AT (insoluble PVP), and 0.5 g dry XAD-4 (8). After centrifugation at 20,000g, the supernatant fraction was desalted and converted to a different buffer on a 1-x 10-cm Sephadex G-25 column equilibrated with 0.1 M Tris buffer plus 5 mm Naascorbate (pH 7.4). The protein peak eluted at the void volume was called the crude fraction; it generally contained 2 mg protein in a 3.5-to 4-ml volume. Proteins were estimated by the Coomassie Blue method as used previously (4) .
Standard Assay. The VE values (ml) in methanol-phosphate (20:80) were: (+)-DHQ, 25; (+)-catechin, 13; 3,4-trans-diol, 9.5; 3,4-cis-diol, 7.4; two possible thioethers: x-1, 15 and x-2, 22.
Substrates. The (+)-DHQ used was the same as described earlier (4). The 2,3-trans,3,4-cis-diol (diol I in Ref. 4 ) was prepared both chemically and enzymically; the chemical source, however, was used in the data reported here. This chemically prepared 3,4-cis-diol was identical to the enzymic product of the DHQ reductase in all ways studied, including the ability to form (+)-catechin in the diol reductase assay.
The 3,4-cis-diol was prepared from 3,4-trans-diol by acid epimerization. A mixture of 10 mg (+)-DHQ and 5 mg of NaBH4 in 1 ml ethanol was incubated at room temperature for 2 h. After the addition of 10 ml H20 and acidification with 20% acetic acid to pH 4.0, the solution was extracted with ethyl acetate and the latter backwashed with 0.05 M phosphate buffer (pH 8.0). To this crude ethyl acetate extract containing predominantly the 3,4-trans-diol (diol 2 in Ref. 4 ), 4 ml of 0.05 M citratephosphate buffer (pH 2.6) was added. After the ethyl acetate was evaporated in vacuo at 40°C, the mixture was incubated at 40°C for 30 min to convert some of the trans-to cis-diol (diol 1 in Ref. 4) . The conversion mixture, containing a 2:1 ratio of the trans-to cis-diol, was extracted with ethyl acetate, dried over Na2SO4, and applied to a 2-x 20-cm strip for descending chromatography in the butanol-phosphate solvent. Two major Prussian blue positive bands were detected with the FeCI3:K3Fe(CN)6 spray applied to a narrow vertical strip cut out of the chromatogram; one at RF of 0.69 was the residual 3,4-trans isomer, while the lower band at 0.57 was the 3,4-cis isomer. The nonsprayed parts of the two diol bands were cut into 0.5-cm2 pieces and were analyzed by a test tube Prussian Blue method to determine sg of diol per mg paper, based on catechin as a standard. Purity of either of the diol bands is unknown. Due to the instability of the diols during elution or further purification, weighed portions of these paper squares were used as a direct source for diol substrates by immersion of the paper into an enzyme assay mixture for incubation. A ratio of 1.0 to 1.7 yg diol to mg paper was satisfactory as a source of the substrate; a lower ratio that involved more paper was difficult to stir during the incubation and to extract with ethyl acetate.
RESULTS
General Characteristics of 3,4-Diol Reductase ( Fig.l; Table I ). The reductase acted mainly on the 3,4-cis rather than the 3,4-trans isomer. The small amount of catechin product formed in the case of the 3,4-trans isomer could have been due to the conversion of the trans preparation to some cis isomer, conversion up to 20% has been detected in nonenzymic controls with the 3,4-trans isomer as substrate.
No detectable catechin was produced in the absence of NADPH or in the presence of boiled enzyme. The reaction was linear with concentration of enzyme at the levels used in Table   I . Starting with (+)-DHQ, the sum of 3,4-cis-diol and catechin was approximately linear with time for 3 h; the diol increased more rapidly at first, but leveled off at 1.5 to 2 h, while the slower increase in catechin production remained linear with time. About 20% of the 50 ug DHQ added was converted into the diol and catechin; generally, only traces of condensation products were detected as a faint Prussian Blue streak or as discrete areas below the diols.
Phosphate buffer was just as good as Tris in the assay; Hepes buffer, however, gave poor activity. Changes in pH in the assay between 6.4 and 8.0 produced no significant variations in activity, Identification of the Enzymic Product. Identification of the reduction product of 3,4-cis-diol as (+)-catechin was based on HPLC co-chromatography on a C18 column in the methanol solvent (both 20:80 and 15:85). When a known amount of catechin was added to an aliquot of the ethyl acetate extract of an enzymic assay when either DHQ or the chemically prepared 3,4-cis-diol had been the substrate, a symmetrical, additive peak was eluted when compared to the peak from an extract with no Competition from production of thioethers (x-1 and x-2) occurred in the presence of thiol agents such as 2-ME and DTT. In preliminary studies, 2-ME was routinely added to inhibit polyphenol oxidases. However, when the Prussian Blue positive area on paper chromatograms in the expected catechin area was eluted and analyzed by HPLC, a discrepancy was noted between the relatively large amount of presumed catechin compared with the small amount of catechin detected via HPLC. This problem was finally resolved by determining that another major product, co-chromatographing with catechin in several solvents via paper chromatography, was found when either 6 mm 2-ME or 0.6 mm DTT was present during the incubation. This product was procyanidin positive, a reaction not possible with catechin alone. This major unknown (x-2) along with a minor component (x-1), separable on paper in the 5% acetic acid solvent, was a nonenzymic product dependent only upon the presence of one of the above thiols at pH 7.4. These two unknowns have been tentatively identified as 4-thioethers; the major one (x-2) as the 3,4-cis and the minor compound (x-1) as its 3,4-trans isomer.
Substrate Concentration Curve. Total (+)-DHQ reductase activity, assayed between I and 100 lsg DHQ, was measured as the sum of the 3,4-cis-diol and catechin produced. The reciprocal plot of substrate versus velocity was linear, indicating classical kinetics (r2 = 0.96). Estimates of Km values in the presence of the G-25 preparation gave a value for DHQ in the vicinity of 37 ,M; this is relatively low, but not as low as reported for a preceding hydroxylation step in flavonoid biosynthesis (1) . Estimates with the 3,4-cis-diol as substrate were too difficult to assess because of the instability of the diol substrate and lack of precise information concerning its purity.
DISCUSSION
The enzymic product of DHQ reductase -is clearly a flavan-3,4-diol, and the 2,3-trans stereochemistry of (+)-DHQ is retained (3, 4) . It forms (+)-catechin (2,3-trans) upon enzymic reduction, cyanidin upon heating with the butanol HCI reagent, and produces the all-trans catechin dimer upon addition of (+)-catechin as a nucleophilic agent (4). Porter identified the major NaBH4 reduction product of (+)-DHQ as the 3,4-trans-diol by NMR analysis (2); he has since repeated this identification with a preparation from our laboratory (unpublished data). The chromatographic behavior of the enzymic reduction product of (+)-DHQ was clearly different from that of NaBH4 reduction, but it was identical chromatographically with the acid epimerization product of the 3,4-trans-diol (see RF and VE values). Therefore, since only two diastereomers are expected, the enzymic product must be the 3,4-cis-isomer. Direct evidence that an acid epimerization mixture comparable to the one used in the present study contained the 3,4-cis-isomer, based on 'H NMR analyses of methylated derivatives and on a time course analysis of the epimerization, has been obtained (L. H. Porter, unpublished data).
Since a 3,4-diol with a free 5-hydroxyl group has never been identified in intact plants or in our cell cultures, the reductases might be expected to exist in a complex in vivo (3). If they are still present as a complex in the extracts studied here, the association would have to be a loose one since the diol produced by the first enzyme accumulated during the assay, and the diol added as the initial substrate produced more catechin than that detected in the double step reaction starting with DHQ (3). The enzymes were easily extracted as soluble proteins; however, the use of borate in the grinding medium would be expected to disrupt most membrane structures.
The ease of reaction at C4 of the 3,4-cis-diol with thiols such as 2-ME to form more stable thioethers, discovered as a procedural artifact in this study, may have important physiological significance if the unstable 3,4-cis-diol is stabilized through such an ether linkage to sulfhydryl groups, perhaps on the surface of a protein.
The rationale for the fact that the NaBH4 reduction product is almost entirely the 3,4-trans-diol, while the enzymic reduction product has the 3,4-cis configuration will have to be considered when the mechanism of these reductases is explored. The instability of the 3,4-cis isomer is a major drawback to the study of the diol reductase; hopefully this problem can be solved in the future. So far, only the 2,3-trans stereochemistry of (+)-catechin has been detected in our assay products; the origin of the 2,3-cis stereochemistry of (-)-epicatechin, so prevalent in proanthocyanidins of Douglas fir needles and cell suspension cultures, is still unknown.
